Drugs with strong anticholinergic properties are used under a variety of conditions; however, they can cause various adverse effects including a negative impact on cognitive functions, with older adults being more susceptible to these effects. We explored whether the use of anticholinergic agents (ACs) affects the risk of Alzheimer's disease (AD) in terms of incidence by using National Health Insurance Service elderly cohort database (2002-2013). As a result, AD risk was higher in subjects with an increased amount of prescriptions for strong ACs over a long period of time (9-12 years) than that in the least- Use of strong ACs dose-dependently increased the risk of AD in terms of incidence when exposure was followed up for 9 years or more, and the association was greater in the young-old subgroup.
Drugs with anticholinergic properties are used in a variety of conditions such as depression, sleep disorder, allergic conditions, and Parkinson's disease. Despite their wide usage and efficacy, anticholinergic agents (ACs) can cause various adverse systemic effects, as muscarinic acetylcholine receptors (M1-M5) are distributed in diverse organs including the central nervous system 1 . Older adults are especially susceptible to the side effects of ACs, attributable to an overall decrease in organ function as well as lowered choline uptake in the brain 2 . Hence, many ACs are potentially inappropriate medications (PIMs) for older adults 3 . Numerous studies have demonstrated that strong ACs are negatively associated with cognitive functions in older people [4] [5] [6] [7] [8] [9] [10] [11] , with few exceptions 12 . However, whether their use affects the risk of AD in terms of incidence is controversial, and studies are limited. Some cohort studies and two case-control studies of older adults reported from 1.1 to 3.4 fold increases in the incidence of dementia among ACs users differentiated by adopted scale, follow-up period, and level of exposure, etc. [13] [14] [15] [16] [17] [18] ; however, other studies did not show the relevance 9, 10 . Anticholinergic properties are generally quantified by the combination of a serum radioreceptor anticholinergic activity assay (SAA) 19 , in vitro measurement of affinity to muscarinic receptors 20 , or expert opinions 21 . Several investigators have published lists of ACs, and most of them graded the ACs into 2-4 levels according to their anticholinergic potency [21] [22] [23] [24] [25] . Although studies of anticholinergic medications usually select one of these validated anticholinergic rating scales, the methods to quantify their exposure are varied and only a few studies quantitatively measured their exposure up to the actual amount. Among the previous studies examining the association between anticholinergic use and risk of dementia, only two studies elaborated on the methods used to measure their use 13, 17 ; the others assessed them by their use at any time prior to the diagnosis of dementia 14 , medications during the preceding month 15 , or methods were not described in detail 10 . Furthermore, ACs with a level 1 anticholinergic rating (considered as a weak, possible or indefinite AC, such as ranitidine and atenolol) are generally quantified by merging with strong or definite ACs in many studies of health outcomes associated with anticholinergic use. However, these agents only show anticholinergic activity in vitro, which is not clinically meaningful 25 . Further, several studies reporting the negative impact of strong ACs on cognitive functions failed to find the relevance of those weak ACs with mild cognitive impairment (MCI) 12, 26 . Therefore, it would be more appropriate to assess the effects of weak ACs separately from strong or definite ACs when examining the association between ACs and AD.
Age is the greatest non-modifiable risk factor of AD 27 . It is unlikely that elderly people of all ages will be affected on an equal level by protective measures or risk factors. From a preventive point of view, the young-old population with a longer life span, such as elderly people under 65, especially needs to be assessed for the impact of ACs on the risk of AD; however, none of the existing studies have focused on the young-old population.
The preclinical stage before onset of the clinical phenotype is long 27 . Complete AD may arise more than 15 years after the initial detection of a positive marker 28 . While 'short-term use of ACs prior to the onset of disease' could be an appropriate variable of interest in studies on incidence of acute disease impairments such as delirium 7, 16, 29 , it seems more reasonable to assume that the incidence of dementia is affected by long-term rather than short-term exposures. However, only two longitudinal studies have been evaluated for long-term exposure over 5 years, and they reported conflicting results 10, 13 . In addition, one of the greatest challenges to investigating the relationship between anticholinergic exposure and risk of AD involves the exclusion of prodromal effects. In the prodromal state prior to the development of dementia, use of anticholinergic antidepressants or antipsychotics may increase because of prodromal symptoms-leading to protopathic bias 30 . In observational studies to elucidate the causal relationship between anticholinergic use and risk of AD, this protopathic bias should be excluded as much as possible; however, very few studies have done so 13, 17 . Therefore, we investigated whether AC use increases the risk of AD in terms of incidence in a large population representing a Korean older population. This study complemented some limitations of existing cohort studies; long-term anticholinergic exposure was completely quantified for individuals, and the effects of strong ACs and weak ACs were examined separately. We also looked closely at the relationship in the subgroup of relatively young-old people (60-64 years old in 2002). Varied analyses to exclude prodromal bias were also conducted.
Methods
Data source. We used the National Health Insurance Service (NHIS) elderly cohort, which is a populationbased cohort established by the NHIS in South Korea. This cohort includes detailed information regarding medical utilization of about 550,000 elderly people aged 60-119 as of 2002 corresponding to about 10% of the total eligible Korean elderly population in 2002, who were followed for 11 years until 2013, unless participants' eligibility was disqualified due to death or emigration 31, 32 . The National Health Insurance (NHI) is a single-insurer system having complete universal healthcare coverage in Korea since 2000 31 . The medical-treatment DB includes details of electronic medical-treatment bills, diagnoses, prescriptions, etc. Details about the DB can be obtained from the NHI Sharing Service website (https://nhiss.nhis.or.kr/bd/ab/bdaba015lv.do). Information regarding all medicines licensed and distributed in Korea was obtained from the Health Insurance Review and Assessment Service (HIRA), a government-affiliated organization that reviews and assesses healthcare costs and healthcare service quality, as well as supporting the NHI policy in determining medical fee schedules and drug prices 33 .
Study subjects and follow-up. We , as well as those who were prescribed strong ACs but only filled a few prescriptions (1-9 doses/year), as some ACs such as chlorpheniramine are widely used in a variety of diseases, including common cold and allergies. Since we targeted long-term exposure and a proportional hazard was observed by the log-negative-log Kaplan-Meier plot after about 6 years of person-time starting from 2005, only 191,805 subjects whose follow-up end date was in 2010 or later were finally included, as illustrated in Fig. 1 .
During the follow-up, people with a diagnosis of AD (ICD-10: F00 or G30) and a prescription for anti-AD agents (i.e., donepezil, rivastigmine, galantamine, or memantine) at the time of diagnosis were defined as AD patients, and the first day was defined as the incident date. In the censored cases, the follow-up period was defined as the period from 2005 to the date of death or the date of their last visit to a medical facility, whichever occurred first. Subjects 60-64 years old in 2002 were defined as the "young-old" subgroup, and major analyses were conducted for this subgroup along with all subjects. In this young-old subgroup, AD cases occurred at or less than 75 years old.
Selection of anticholinergic agents and measurement of their exposure. Selection and classification of anticholinergic agents were based on the Beers Criteria 24 and Anticholinergic Cognitive Burden (ACB) scale 25 . The AGS (American Geriatric Society) Beers criteria is a composite of several scales including the ACB scale. However, the ACB scale was combined with the Beers criteria in this study after reviewing other frequently referenced scales 10, 12, [21] [22] [23] ; the Beers criteria only provides a list of strong ACs, and the ACB scale is thought to be the only scale to focus on reflecting cognitive burden among those scales. Drugs listed in the Beers Criteria as strong anticholinergic agents (strong ACs) or with an ACB score of 2 or 3 were classified as "strong ACs", while drugs with an ACB score of 1 were defined as "weak ACs". Supplementary Tables S1 and S2 provide the lists of them. Strong ACs have been classified as potentially inappropriate for the elderly due to the high risk of various www.nature.com/scientificreports www.nature.com/scientificreports/ adverse effects in this population 24 . Exposure to ACs was measured by calculating standardized prescribed doses. Generic name code, dosage unit, daily frequency of administration, and number of prescribed days in the NHIS data were used. The minimum daily dose for adults for each anticholinergic agent was set based on the Korean drug formulary. Supplementary Table S3 Subjects were divided into four classes according to the prescribed amount of strong ACs (0-9 doses/year, 10-49 doses/year, 50-119 doses/year, ≥120 doses/year). For weak ACs, the subjects were grouped into four classes by their prescribed amount (0-29 doses/year, 30-119 doses/year, 120-299 doses/year, ≥300 doses/year) and the same analyses were performed.
Statistical analyses.
To identify and control for potential confounding variables, basic demographic variables such as age, sex, income level; Charlson comorbidity index (CCI); medical histories such as hypertension (HTN), diabetes mellitus (DM), myocardial infarction (MI), cardiovascular disease (CVD), Parkinson's disease (PD), epilepsy, neuralgia, dizziness including that due to vestibular abnormalities, sleep disorders, genitourinary diseases, and skin diseases; and use of weak ACs and of other non-ACs that can impair cognitive function were included as covariates. Records of ICD-10 diagnostic codes in 2008 were used as surrogates for information on medical histories. In detail, subjects diagnosed with HTN, DM, MI, or CVD, which are the main diseases in the elderly, as well as strong AC-indicated diseases such as PD, epilepsy, neuralgia, dizziness, respiratory diseases, sleep disorders, genitourinary diseases, and skin diseases as primary or secondary diagnoses at least three times in 2004 were considered as having the corresponding medical histories. The ICD-10 codes used to define each disease (group) are presented in Supplementary Table S4 . The use of "other non-ACs that can impair cognitive function" was determined using AGS Beers Criteria and the list are presented in Supplementary Table S5. A proportional hazard regression model was used to assess the association between anticholinergic use and incidence of AD. To verify proportional hazard assumptions, the log-negative-log of the Kaplan-Meier estimator of the survival function was applied.
Supplementary analyses. Use of strong ACs may be attributable to prodromal symptoms of AD before the first diagnosis, as prescribed amount of strong ACs was calculated after excluding those during the 1 and 2 years prior to the end of follow-up. As depression is highly prevalent in the prodromal stage of AD, analysis was carried out after excluding "anticholinergic antidepressants". For drug subclasses with high prescribed amount among all strong ACs, including antihistamines, antidepressants, and antimuscarinics, the prescribed amounts were also calculated separately, and the association of exposure to each drug subclass with risk of AD was examined. Antipsychotic drugs could be used in the prodromal stage but were excluded from the analysis because of their low frequency of use. www.nature.com/scientificreports www.nature.com/scientificreports/ Sensitivity analysis. We also compared the results of continuous users and intermittent users. Continuous users included those who were not exposed to the lowest level (0-9 doses) during any one year of the follow-up period; the others were defined as intermittent users. Results for continuous users were assumed to be attributable to exclusion of those who used large amounts of strong ACs just before the onset of AD, resulting in a further exclusion of the protopathic bias. Thus, if the results in the continuous users are similar to those in all subjects, or if the effect size is larger, this would support the validity of this study.
All data were processed and analysed using SAS 9.4 (SAS Institute, Inc., Cary, NC).
Ethics approval and consent to participate. The study has been approved by the Bioethics Committee of Seoul National University Institutional Review Board (IRB) and the approval number is E1705 / 001-003. IRB deemed this study exempt from approval and waived the need for informed consent.
Results
Descriptive data. Among 191,805 subjects, 96,008 (50.1%) rarely used strong ACs (0-9 doses/year), while 24,542 (12.8%) were exposed to large amounts of ACs with more than 50 doses per year. Very large amounts of strong ACs (≥120 doses/year) were prescribed in 8,686 (4.5%) subjects. Antihistamines, antidepressants, and urinary antimuscarinics were the most prescribed among strong anticholinergic drug classes (Table 1) . www.nature.com/scientificreports www.nature.com/scientificreports/ AD occurred in 13,133 (6.9%) cases. Compared to censored subjects, more AD incident subjects received ≥50 doses/year of strong ACs (12.3% vs. 19.4%). Antihistamines, antidepressants, and antimuscarinics (in that order) were the most prescribed drug classes in both groups, and incident AD subjects were prescribed more prescriptions for all these drug subclasses. The proportion of subjects receiving ≥120 doses/year of weak ACs was also higher in the AD incident subjects, but not as significantly different as in the strong ACs (16.3% vs. 18.9%) ( Table 2) .
Outcome, main results. A crude model and two covariate models were set up. In Model I, age, sex, and income level were included for adjustment, while in Model II, we adjusted for all 16 covariates outlined in the Methods section (Table 3) .
The hazard ratios (HRs) were significantly higher in subjects exposed to ≥50 doses/year of strong ACs than in the reference group in both the crude and two-covariate models [0.99 (0. 95-1.03), 1.19 (1.12-1.26 (Table 3) .
Results regarding whether exposure to weak anticholinergic drugs increased the risk of AD are presented in Table 4 . HRs were higher in the groups with higher exposure in the crude model and in Model I. However, no associations were found in the final Model (Table 4) .
Supplementary analyses. Significant differences were maintained when the prescribed amount of strong
ACs was calculated after excluding those prescribed during the 1 and 2 years prior to the end of follow-up. After excluding exposure to anticholinergic antidepressants, which are thought to have been used frequently for prodromal symptoms of AD, the risk of AD was still higher in the more-exposed group. When exposure was limited to drug subclass of antidepressants or antimuscarinics, which were more commonly used in AD patients, the estimation was similar to the main outcomes. When the exposure parameters were limited to antihistamines alone, which appears to be the subclass least related to the treatment of prodromal AD symptoms, the risk of AD was still significantly higher in the more-exposed group, even though the effect size was smaller than that of the antidepressants and urinary antimuscarinics [1.12 (1.05-1.19), 1.36 (1.29-1.44), 1.31 (1.24-1.38); in the exposed group to antihistamines, antidepressants, and urinary antimuscarinics, respectively; for all subjects, Model II]. Antipsychotic drugs also have a potential for protopathic bias in AD; however, these drugs were not analysed in this study because of low usage (Table 5 ).
Sensitivity analyses. Continuous users had a higher risk of AD than intermittent users, supporting the robustness of this study as determined using the covariates Model II. As with main outcomes for all subjects, there was an increased risk of AD in the groups receiving 50-119 doses/year and the group receiving ≥120 doses/year than in the reference group. A dose response also appeared between these two exposure groups (Table 6 ).
Discussion
Using the NHIS elderly cohort DB for 2002-2013, we found that greater use of strong ACs for long periods (9 years or more) increased the risk of AD in terms of incidence, and the association was greater in young-old adults. These findings support previous studies indicating that long-term use of potent ACs is associated with incident dementia 13, 17 . The extent of risk for AD in this study was comparable to that reported by Gray et al. 13 in which the group most exposed to strong ACs for 10 years had a 63% higher risk of AD than the lowest-exposed group 13 . The results of various supplementary analyses, such as excluding recent exposures and analysis by drug subclass, are in accordance with those from the most recent case-control study in which exposures in the four years before the index date were excluded to avoid protopathic bias. In that study, the adjusted odds ratio (95% CI) for average ACB scores > 5.0 was 1.11 (1.08-1.14), and both antidepressant and urological subcategories of strong ACs were associated with risk of incident dementia 17 . Overall, there was little difference in the risk of AD between the lowest exposure control group (0-9 doses/year) and the next lowest exposure group (10-49 doses/year); this is in accordance with the results from Gray et al. 13 in which an increased risk of incident dementia was not found in the next lowest exposure group. However, the risk of AD increased in groups exposed to ≥50 doses/year, and the hazard was particularly high in elderly patients prescribed ≥120 doses/year, showing a dose response in these two exposure groups. Approximately 13% of the elderly were exposed to ≥50 doses/year of strong ACs, implying that many older people are at risk of developing AD following an increased use of strong ACs. www.nature.com/scientificreports www.nature.com/scientificreports/ The period of anticholinergic exposure associated with development of AD is not yet clear. Studies in which anticholinergic use was measured for 6 years did not show an association with the incidence of dementia 9 , while a 10-year long-term exposure study reported an increased risk of dementia 13 . This study, which determined relevance when long-term exposure was measured for more than 8 years, supports these previous studies; we tested the link between exposure to ACs ≤ 8 years and the risk of AD in this study; however, no relationship was found.
When the same analysis was conducted for the young-old subgroup only, the risk of AD from use of strong ACs was consistently greater than that for all subjects. Reasons for the greater relevance in the young-old are unknown. Medications with adverse effects on cognitive functions may have a greater impact on the expression of AD phenotypes in young-old subjects, as they may be less affected than old-old subjects by age itself and underlying diseases. In a study of longitudinal rates of change as a function of baseline age for AD individuals, the rate of decline in AD decreased with age 34 . Since the younger elderly may have had a shorter prodromal period and fewer potential comorbidities and medications, the more solid result in this subgroup may further support the causal relationship. As the young-old people are more likely to be in the early stage of AD and to have a longer life span, they could benefit more from preventive intervention.
In this study, no association was found between weak ACs and the risk of AD, suggesting that they do not have a clinically negative effect on cognitive function to the extent of increasing the risk of AD in terms of incidence. These results are likely reliable, since they support results from studies exploring the effects of exposure to possible ACs on cognitive impairment in which a relationship was not found 9, 26 . In addition, in the recent case-control study to examine the risk of incident dementia, the effect size was very small [OR(95% CI) = 1.05(1.01-1.10) and a dose response was not found in subjects who were exposed to the greatest amount of drugs with an ACB score of 1 17 . This study had several advantages compared to previous studies. First, since it included a large population representing the entire older Korean population, the results are generalisable. Second, measurement of exposure was highly precise by calculating the standardized prescribed doses. Third, the study was the first cohort study to demonstrate that strong ACs, but not weak ACs, are associated with risk of AD using a separate analysis. Fourth, this was the first study to show that young-old people have a greater risk of AD, which is associated with increased use of strong ACs. Fifth, by excluding all elderly people with a diagnosis of mental or behavioural disorders as well as those with any type of dementia or cognitive-impairment disorder from the study, we determined that increased use of ACs intensifies the absolute risk of AD in terms of incidence. Finally, consistent significance in additional analyses performed to exclude the possibility of reverse associations with prodromal symptoms and in more robust results in the continuous subgroup further demonstrated the causal link between exposure and risk of AD. Although not shown in the results, the risk of AD in subgroups without PD, epilepsy, or sleep disorder, which would have any underlying link to the development of AD, was almost the same for all subjects-supporting the association of strong ACs and risk of AD.
This study had several limitations. First, as with other studies using health-insurance claims data, inaccuracy due to modification of diagnostic codes or misdiagnosis could not be excluded, even if such cases were rare. However, the accuracy of the data has been reported to be more than 90%, and many studies have reported the sensitivity around 70% 35, 36 . Only about 9% of people with dementia-like symptoms are misdiagnosed as having dementia 37 . Second, this study did not include use of non-prescription drugs, and underestimation of anticholinergic exposure is possible. Third, although care was taken to control for other factors related to risk of AD, the likelihood of residual confoundings cannot be ruled out, since some variables known as risk factors of AD (such as family history and educational level) were not available in the source dataset and could not be controlled. We did not apply time varying covariates, which is also a limitation. However, the results from the analysis in which covariates at the start of the exposure (not shown here) in 2002 were very similar to these 2008-year covariates-adjusted results, and a previous study also stated that the effect of time varying covariates did not www.nature.com/scientificreports www.nature.com/scientificreports/ considerably affect their findings 17 . Fourth, we attempted to exclude inverse correlations by excluding people with mental or behavioural disorders, including MCI, from the cohort entry and varying the exposure criteria; however, the possibility may remain, as the preclinical and prodromal stages in AD are very long 38, 39 . In this respect, it may be more appropriate to interpret the results of this study as "the use of strong ACs can increase the risk of AD in terms of incidence". Increased use of ACs may also escalate the speed from preclinical or mild cognitive impairment to AD or its diagnosis. Reducing overuse of strong ACs in older adults could slow down or postpone the progression to clinical AD. Finally, we could not consider the interactions between the anticholinergic exposure and underlying diseases, which may be another research topic in the future.
This study showed that the impact of ACs on the aging brain may be more severe than previously thought by demonstrating that increased use of strong ACs intensifies the risk of AD in terms of incidence.
High use of strong ACs is prevalent in the Korean elderly population, and efforts should be made to reduce it. The robust association between strong ACs and risk of AD in the young-old subgroup indicates an even greater need to reduce anticholinergic use in these subjects. From the viewpoint of prevention, prescriptions and use of strong ACs need to be more strictly controlled in this population.
This study provides specific guidance for reducing inappropriate use of ACs. The prescribed amount of weak ACs was nearly double that of strong ACs, and yet these agents were not related to the risk of AD. Efforts to reduce use of strong ACs should be prioritized. Drug subclasses such as antihistamines, antidepressants, and antimuscarinics for urinary diseases accounted for a large proportion of the anticholinergic burden. If strategies can be developed to focus on the use of these agents, the anticholinergic burden could be effectively reduced. Exposure to strong ACs has been shown to be related to the incidence of AD only with long-term follow-up of 8 years or Table 6 . Risk of Alzheimer's disease by prescribed amount of strong anticholinergic agents among continuous users and intermittent users. Adjusted for sex, age, level of income, diabetes mellitus, hypertension, myocardial infarction, cardiovascular diseases, dizziness, genitourinary diseases, epilepsy, Parkinson's disease, neuralgia, skin disease, sleep disorder, prescription amount of strong anticholinergics, and cumulative prescribed days of other non-anticholinergic agents that can impair cognitive function (all psychotic diseases including depression, psychosis, anxiety were excluded in the step of participant selection in advance).
*
Subjects belonging to the 0-9 doses/year were used as references in both the continuous and intermittent user groups.
www.nature.com/scientificreports www.nature.com/scientificreports/ more, and the strength of the association was greater in continuous users. Regarding the risk of AD, special attention should be given to minimizing prolonged and continuous use of strong ACs.
Further studies regarding the effects of anticholinergic medications on the course of dementia are needed. It will be necessary to examine whether a diagnosis of dementia reduces inappropriate anticholinergic use. The reversibility of the risk of AD due to anticholinergic use should also be investigated by examining the effects of discontinuing ACs.
Conclusion
An increased use of strong ACs for long periods was associated with a higher risk of AD. The risk was more significant in the young-old group. Strong ACs not only have a negative impact on cognitive function but can also affect the risk of AD in terms of incidence.
Data Availability
The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request. Raw data can be obtained at National Health Insurance Data Sharing Service homepage (https:// nhiss.nhis.or.kr/bd/ay/bdaya001iv.do) via on-line data request with a fee. Drug database can be obtained from HIRA website (https://www.hira.or.kr/dummy.do?pgmid=HIRAJ010000005001).
